Origami rotor design 3 The origami rotor was designed with rotor blades sufficiently long to amplify the motion 4 of the DNA substantially, yet still have low hydrodynamic drag and torsional flexibility in order 5 to minimize the obscuring effect of Brownian fluctuations, thereby allowing measurements with 6 high spatiotemporal resolution. In our design, the origami rotor consisted of four rotor blades, 7 each extending 80 nm perpendicular to the axis of rotation (Extended Data Fig. 1a -e, 8 Supplementary Table 1 ). The rotor's planar structure was selected to generate low hydrodynamic 9 drag (see Estimate of the hydrodynamic drag of the origami rotor below). 10 In addition, the use of DNA origami as rotors allowed us to create a direct connection 11 between the rotor and the dsDNA substrate and to keep the linker between the rotor and the 12 surface-anchored enzyme short, both of which helped minimize torsional flexibility. To create 13 this connection, a short double-stranded DNA (dsDNA) segment with single-stranded overhang 14 was extended from the center of the rotor along the axis of rotation (Extended Data Fig. 1a-c); 15 this short DNA segment can be ligated to the DNA substrate of a DNA-interacting enzyme (Fig. 16 1a; Extended Data Fig. 1d). In the absence of an applied external force, there is an inherent trade-17 off between resolution and the length of this DNA linker. While the use of a short linker limits 18 the distance over which we can study enzyme motion on DNA, the resulting increase in 19 resolution would ideally allow us to resolve the fundamental mechanistic steps of the enzymatic 20 reaction cycles, which in general occur on a short length scale. 21 22 23 Brownian dynamics characterization 24 The resolution of ORBIT is limited by the Brownian dynamics of the origami rotor. The 25 extent and timescale of these Brownian motions is determined by the torsional stiffness of the 26 connection between the origami rotor and the enzyme (or other attachment point), κ, and the drag 27 of the origami rotor, γ. Due to the drag, the angular fluctuations are correlated in time, with a 28 relaxation time constant, τ = γ / κ. In addition, photon-limited localization uncertainty of 29 fluorescence dye molecules can also contribute to the noise. 30 In order to characterize these parameters, origami rotor-anchor complexes (Extended Data 31 Fig. 1h) were attached to cleaned glass coverslips using biotinylated BSA and streptavidin. 32 These were imaged in RecBCD reaction buffer or a similar buffer without glycerol at 1500 Hz or 33 3000 Hz. Localization trajectories were determined in a similar fashion to the RecBCD analysis 34 described in Supplementary Methods. Localization positions were fit to a circle and the center 35 position was used to convert the (x,y) positions to polar coordinates From this trajectory, we 36 extracted κ and γ by fitting the power spectrum of this trajectory. The power spectrum was 37 generated from each angular trajectory by determining the squared magnitude of the Fourier 38 transform of the rotor angle. The power spectrum, P(f), where f is the frequency, was fit to a 39 model of the observed Brownian noise that takes into account motion blur and aliasing 31 and the 40 frequency-independent contribution of the photon-limited localization uncertainty 32,33 , 41 42 ( ) = 2 ( , -+ 2 / sin 4 5 / 7 sinh 5 / 7 cos 5 2 / 7 − cosh 5 / 7 < + (S1)
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where kB is Boltzmann's constant, T is the temperature, fs is the camera frame rate, and ε is the 2 contribution from the localzation uncertainty. The contribution of localization uncertainty ε was 3 fixed for each trajectory and we determined this term from the trajectory's radial position 4 variance as we found that the radial variance was dominated by localization uncertainty 5 (Extended Data Fig. 2f ). The radial position variance was converted to an angular equivalent 6 A 4 using the radius of the arc of localizations. To determine ε from the radial variance, the 7 variance A 4 was divided by the size of the frequency range of the power spectrum (fs/2), giving Predicted angular precision 13 Based on the characterization of the Brownian dynamics obtained by fitting the power spectrum 14 with Equation S1 as described above, the angular precision after integrating measured positions Estimate of the effective torsional rigidity of DNA 26 The torsional stiffness κ derived from the power spectrum fit (Equation S1) of the 27 anchored origami complex can be used to estimate the effective torsional rigidity of dsDNA. The 28 value of κ contains contributions from the dsDNA linker between the tripod anchor and the rotor 29 as well as contributions from the flexibility of the attachment points to the origami and between 30 the anchor and surface. These components contribute to the flexibility as springs in series, giving where KLM is the contribution of the dsDNA linker, NOPQR is the other contributions from the 35 attachment points, L is the length of the dsDNA linker, and = KLM * is the effective 36 torsional rigidity constant of DNA. By measuring κ of the anchored origami complexes with 37 several dsDNA linker lengths, but otherwise identical design (i.e. identical NOPQR ) (Extended 38 Data Fig. 2b ), we find that C = 200 ± 10 pN nm 2 rad -1 , which is within the range of previously 39 measured results under zero force 12 . Note that due to the contribution of twist-bend coupling at 40 zero force, this value is an effective torsional rigidity which is smaller than the torsional rigidity 41 of DNA under force, where the bending modes are suppressed 12 . where η is the solvent viscosity, L is the cylinder length, δT is an end-effect correction, and Fig. 2d ), 3.7 ± 0.1 fN×nm×s and 4.9 ± 19 0.1 fN×nm×s at 0% and 10% glycerol, respectively. For comparison, for a bead of diameter D = L 20 rotating about its center, which would give the same amplification of DNA rotation as our 21 origami rotor, the hydrodynamic drag would be (Ref.
[5]), which is equal to 12 fN×nm×s at 0% glycerol and ~ 4 times larger than the drag of our origami rotor, which leads to a 23 substantially lower time resolution in rotation measurements.
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Estimate of torque and angular lag due to the hydrodynamic drag for the origami rotor 26 The motion of the DNA origami rotor through solvent causes a resisting torque due to the 27 origami's hydrodynamic drag. This torque due to the drag is given by _ = − , where γ is the 28 drag and ω the angular velocity. At 10% glycerol and the highest ATP value used in this work 29 for RecBCD experiments, 300 µM, the average rotation rate was measured to be 215 bp/s, or 130 30 rad/s. Using the rotor's drag of 4.9 fN×nm×s, measured using the power spectrum fit of the 31 anchored origami rotors, we estimate the typical torque under these conditions as -0.6 32 pN×nm×rad -1 , which is much smaller than the contribution from the thermal energy, ~4 pN×nm, 33 and thus inconsequential in rotation measurements. The torque is smaller during RNAP 34 experiments as the enzyme is slower. 35 The drag will also cause the origami rotor to lag behind the true angular change of DNA 36 at the enzyme. Since this lag is resisted by the stiffness of the DNA, we can estimate the angular 37 lag as 38 39
where κ is the torsional stiffness of the complex. At the beginning of RecBCD translocation 42 when the dsDNA linker is 80 bp long, we use the relationship between the torsional stiffness and 43 3 D ph g = 1 θlag to be -0.10 rad (or -6°) at 10% glycerol using the average DNA rotation rate of 130 rad/s. 2 Later during translocation, the DNA linker is shorter, which will further increase the stiffness 3 and reduce the angular lag. Thus, the angular lag is small compared to our measured angular 4 noise (~35°) due to Brownian motion and can be neglected.
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Local pH shift at the coverslip surface 7 Silicate glass coverslip surfaces such as those used in this experiment are negatively 8 charged 35 , which leads to local accumulation of H + ions and thus induces a local pH shift 9 experienced by the surface-bound enzyme. This change can be described by 10 11
where pHs is the effective pH at the surface, pHb is the bulk solution pH, F is Faraday's constant,
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Ψ is the electric potential due to the surface charge, and RT is the thermal energy 36 . An 14 experimental measurement of this pH shift for an enzyme attached to a silicate surface previously 15 gave the value of ~2 pH units (i.e. local pH at the surface is ~2 pH units lower than the bulk pH) 37 . 16 This effect should be taken into account in the comparison because the initiation kinetics 17 of RecBCD depended quantitatively on pH (Extended Data Fig. 9 ). Therefore, we considered 18 this local pH shift in the comparison between the RecBCD unwinding kinetics measured using 19 ensemble stopped-flow assay with those measured by the single-molecule experiments 20 (Extended Data Fig. 8 ). As single-molecule experiments are often carried out using surface-21 anchored molecules, we note that it may be generally important to characterize the effect of 22 surface-induced pH shift on enzyme behavior if the enzyme is near a charged surface. 23 We envision that alternate strategies that anchor the enzyme to the surface through 24 specific linkage at multiple sites 38 could also be used to achieve torsionally constrained enzyme 25 immobilization. band was excised from the gel and the origami extracted using a freeze 'n' squeeze spin column 39 (Bio-Rad) by spinning at 1000g for 60 minutes. The sample was concentrated by PEG 40 precipitation as described above. 41 To characterize the Brownian-limited angular resolution of the rotor, we prepared a 42 complex with a DNA origami rotor attached to an origami anchor via dsDNA linkers of various 43 lengths (Extended Data Fig. 1h ). To remove excess origami extension strands, the origami 44 structures were gel purified before ligation. The two origami structures were ligated together as 45 described above. The length of the linker DNA between the two origami structures included the 46 1 origami anchor (Extended Data Fig. 1f ), 12 nucleotides (nt) of ssDNA overhang on both 2 structures, and any additional DNA added between the two origami. For the shortest DNA linker 3 length, 52 bp, the linker consisted entirely of DNA present on the rotor and anchor structures 4 ( Supplementary Tables 1-3 ). Note that for this sample, to create the direct connection, the DNA 5 oligomer Anchor_Ext0_oh ( Supplementary Table 2 ) was replaced with Anchor_Ext0_oh_direct 6 (Supplementary Table 3 ). The two longer lengths used additional dsDNA linkers in the ligation 7 reaction ( Supplementary Table 3 ). These were either purchased from IDT (92 bp) and annealed 8 prior to ligation or prepared by PCR and dU excision (163 bp). In the latter case, the DNA was 9 prepared using PCR with PfuTurbo Cx Hotstart DNA Polymerase (Agilent) and primers with a 10 dU base 12 nt from their 5' ends ( Supplementary Table 3 ). Following purification on a column 11 (Zymo DCC-100), the product's dU bases were excised with the USER enzyme system (New 12 England Biolabs) to create 12 nt overhangs for ligation with the rotor and anchor structures. 13 Finally, the ligation products were again purified using electrophoresis. RecBCD-bound rotor complexes, the movie was first divided into 100-frame segments, and a 25 median image was generated for each such segment by computing the 100-frame median value 26 for each pixel. We then identified local maxima in these median images and used the 27 corresponding coordinates to select persistent fluorescent spots for further analysis. Using 28 median images allowed us to ignore rotors that entered the evanescent field transiently without 29 successful binding to RecBCD. However, these median images where not used for reconstructing 30 single molecule trajectories, which were instead determined by fitting each selected fluorescent 31 spot to a 2D Gaussian in each raw-data frame. 32 Single molecule trajectories were further analyzed using custom code in Igor Pro. Among 33 the binding events of the rotor-dsDNA substrate to the surface (fluorescent spots appearing at the 34 surface for at least 0.2 s; typically, ~250 spots per field of view), ~50% of these spots showed 35 localizations moving along the full circumference of a circle and were selected for further 36 analysis. The remaining 50% showed either no apparent motion (~30%), likely corresponding to 37 rotors bound directly to the surface (i.e. not through the dsDNA linker which would have led to 38 Brownian motion of rotors), or showed constrained movement along a partial circular arc 39 (~20%). The latter fraction (~20%) could be due to rotors bound in a non-canonical manner with 40 some degree of flexibility, for instance via the dsDNA linker to an incorrect part of an enzyme or 41 directly to the coverslip surface, or from canonical attachment of dsDNA linker to inactive 42 enzymes (which would be expected due to the fraction of inactive enzymes present in typical 43 preparations of RecBCD solutions). 44 For the spots displaying motion along a complete circle, we fit each set of localizations to a 45 circle, the center of which was used to convert (x,y) positions to polar coordinates (see Fig. 1c ).
~50% of these circular trajectories showed processive rotation, due to processive RecBCD 1 activity, while the remainder showed random fluctuations in the angular direction. This latter 2 fraction, which is likely due to RecBCD bound to the surface in a torsionally unconstrained 3 manner or due to mis-assembly of the rotor-dsDNA junction (leaving a portion being single 4 stranded), was not considered for subsequent analysis. Furthermore, high localization precision 5 is required for high-accuracy rotational tracking. We used the radial variance (localization 6 variance in the radial direction, orthogonal to the circular path), which depended on the photon 7 number detected from the fluorescent spot in each frame (Extended Data Fig. 2f ), as an 8 approximate measure of the localization precision and included only trajectories with a 9 localization precision better than 16 nm (0.1 camera pixel width) in our analysis of DNA 10 unwinding by RecBCD. We expect the Brownian dynamics in the radial direction to be small 11 because (1) unlike the angular fluctuations, the radial motions due to lateral motions of the 12 origami (resulting from DNA bending) are not amplified by a lever arm effect and (2) tilting 13 motion of the arms relative to the surface, although amplified by the lever arm, has only a very 14 small lateral projection on the imaging plane because the maximum tilting angle is small. 15 Typically, among the trajectories that displayed processive RecBCD activity, ~30% of them 16 were removed due to this localization precision cut. In the remaining trajectories, the angular 17 noise was dominated by the Brownian dynamics, which was substantially larger than the RecBCD pausing analysis 30 We used an automated pause-finding algorithm to identify pauses in the single-molecule 31 unwinding trajectories. Briefly, the trajectories were subjected to a 20 Hz half-transmission 32 frequency binomial smoothing filter, and time derivatives of the trajectory were than used to 33 determine the instantaneous velocity. Frames showing a velocity below a threshold (1° per frame 34 at 500 Hz), were identified as pause frames and frames moving backwards faster than this rate 35 were identified as potential backtracking frames. Because long pauses tended to get broken up 36 due to short fluctuations, another binomial smoothing (8.4 Hz) was applied and additional frames 37 were called as pauses here using the same threshold. Since smoothing tends to blur the edges of 38 the pausing phase, pauses were extended forward and backward until the angle in the raw data 39 moved outside of a 1 bp window from the pause location. Adjacent pauses at the same angular 40 location were merged. Because of signal fluctuations, we only consider pauses that lasted at least 41 100 ms as real pauses during forward unwinding to avoid false positive detection of pauses. 42 Likewise, we only considered backtracks that lasted at least 100 ms (including pre-backtracking 43 pause and recovery pause) and exhibited a minimum of 100° (3 bp) backward motion as real 44 backtracks. For pauses that occurred between backtracking and recovered forward unwinding, 45 we did not set a threshold on pause duration because of the low probability of false positive 1 detection of such events.
3
RecBCD initiation analysis 4 The RecBCD initiation phase was defined as the period of the trajectory between binding 5 and the start of processive unwinding. Reversible unwinding transitions were detected during 6 this initiation phase. To determine the transition rates between the wound (magenta) and 7 unwound (green) states, the initiation phase was segmented according to the angle, and the dwell 8 time in each state was determined. In the presence of ATP, exit from the green state is a 9 competitive process, with transitions occurring either back to the magenta state or forward to 10 processive unwinding. This reduces the dwell time in the green state, increasing the apparent 11 transition rate between the green state and the magenta state. Supplementary Table 4 ). In this substrate design, each sample forms a hairpin consisting of a 5 "C" strand annealed to a pair of "A" and "B" strands, as shown in Extended Data Fig. 5a . The 6 emission intensity from a Cy3 dye was initially quenched by energy transfer to a Cy5 dye in each 7 substrate. RecBCD-catalyzed DNA substrate unwinding dissociated the Cy3 labeled DNA 8 strand, resulting in reduced quenching of Cy3, which was detected as an increase in Cy3 9 fluorescence. 10 We used a 2-stage mixing protocol in order to measure single-turnover unwinding reactions 11 shortly after enzyme-substrate binding (Extended Data Figs. 5b and 8a) . In the first stage, we above. The origami complexes were ligated to dsDNA extensions (see Supplementary Table 3) macromolecules. Application to circular cylinders. J. Chem. Phys. 73, 1986 -1993 (1980 experiments. Each hairpin consists of a "C" strand annealed to a pair of "A" and "B" strands, as shown 7 in Extended Data Fig. 5a . DNA modifications are included using their IDT codes. 
